Abstract. Perianths of 34 Dendrobium Sw. species and hybrids were examined to elucidate the roles of pigment distribution and shape of upper epidermal cells in determining color intensity, perception, and visual texture. Color intensity was determined by the spatial localization of anthocyanin in tissue layers, i.e., in the epidermal, subepidermal, and mesophyll layers, as well as by distribution of pigmented cells within the tissue layer. Anthocyanins were confined to the epidermal layer or subepidermal layer in flowers with low color intensity, whereas they were also in several layers of mesophyll in more intensely colored flowers. Striped patterns on the perianth were due to the restriction of pigment to cells surrounding the vascular bundles. Color perception is influenced by the presence or absence of carotenoids, which when present, were distributed in all cell layers. Anthocyanins in combination with carotenoids resulted in a variety of flower colors ranging from red, maroon, bronze to brown, depending on the relative location of the two pigments. Four types of epidermal cell shapes were identified in Dendrobium flowers: flat, dome, elongated dome, and papillate. Epidermal cell shape and cell packing in the mesophyll affected the visual texture. Petals and sepals with flat cells and a tightly packed mesophyll had a glossy texture, whereas dome cells and loosely packed mesophyll contributed a velvety texture. The labella in the majority of flowers examined had a complex epidermis with more than one epidermal cell shape, predominantly papillate epidermal cells.
valuable to flower breeding programs.
In Orchidaceae, data on pigment distribution and epidermal cell shape are limited to a few species. Matsui (1990 Matsui ( , 1992 showed in Cattleya Lindl. and allied genera that the spatial localization of anthocyanins and carotenoids affected perception of color intensity and quality, while the height/width ratio of epidermal cells determined the visual texture. In Dendrobium, little is known regarding the histology of flower pigmentation. Flower epidermal cell shapes are reported only for the labella of D. phalaenopsis Fitzg., D. superbiens Fitzg., and D. discolor Lindl. (Vajrabhaya and Vajrabhaya, 1984) . The objectives of this study were to describe distribution patterns of pigments in the Dendrobium perianth tissues, to identify epidermal cell shapes in Dendrobium flowers, and to relate these factors to the color and texture perceived.
Materials and Methods

Plant material. Inflorescences of 34
Dendrobium species and hybrids (Table 1) were selected to represent a range of flower colors and visual textures. Six different color groups were examined: whites, pale/pastel colors, lavender/purple, striped, blue, and purple/yellow combinations. Two visual texture groups were selected: glossy and velvety. Detailed RHS (Royal Horticulture Society, London, England) color descriptions of most flowers can be found in Kamemoto et al. (1987) and Kuehnle et al. (1997) . Inflorescences were harvested from plants maintained at the orchid greenhouse facility of the Univ. of Hawaii at Manoa and submerged in tap water for 10-15 min. Stems were recut under water, bases were left immersed in water, and flowers were analyzed on the same day whenever possible or within 2 d.
Preparation of tissue sections and analysis. A simple new method was used to make transverse sections. Perianth parts were separated and immersed in a series of polyethylene glycol (PEG) solutions (M.W. 8000, Sigma Chemical Co., St. Louis) ranging from 0.1% to 0.5% (w/v) prior to sectioning. The solution with an osmotic potential closest to that of the perianth cells was determined by observing the amount of plasmolysis in the intact cells of the sections. Our observations indicated that 0.25% PEG solution had an osmotic potential close to that of perianth cells. For flowers with large and abundant intercellular air spaces in the mesophyll, perianth parts were first infiltrated with 0.25% PEG under building vacuum ( 600 mm Hg). Perianth parts sank to the bottom of the solution after successful infiltration. Vacuum infiltration was required for all flowers with loosely packed mesophyll, i.e., with large and numerous air spaces. It improved the sectioning substantially since replacement of air with PEG solution resulted in firmer tissues (hydrostatic pressure) and eliminated air bubbles trapped inside sections that otherwise hindered analysis. In contrast, Dendrobium petals with glossy texture (Table 2) were easier to section and did not need vacuum infiltration. Transverse sections (0.1-0.2 mm, 2-3 cell layers thick) from the middle of the petal, sepal, and the labellum of each flower were then taken using a sharp razor blade, mounted in 0.25% PEG solution, and examined using a Nikon Microphot SA microscope with Nikon SX 35A camera attachment. Pigment location (vacuole or plastid), color, distribution within the different cell layers, and adaxial epidermal cell shapes were noted for each sample. Sections found to have both anthocyanins and carotenoids were sealed by applying a layer of nail varnish around the coverslip, and kept overnight until the purple color disappeared, to visualize the distribution of carotenoids without interference from anthocyanins.
Results
Spatial localization of anthocyanins.
As expected, white flowers lacked any colored cells in their tissues ( Fig. 1 A and B) . Anthocyanins were confined to a single layer of cells, either to the epidermal or to the subepidermal layer, in petals and sepals of all light colored flowers grouped under the pale/pastel and white/purple mixed categories (Table 1 and Fig. 1C-F) . In contrast, anthocyanins were present either in two cell layers (epidermal and subepidermal layer), or in many cell layers of epidermis and mesophyll, in all more intensely colored flowers as grouped in the lavender/purple (Table 1 and (Mol et al., 1998; Strack and Wray, 1993) . Flowers acquire their characteristic hue due to these pigments in combination with other chemical and physical factors. The physical factors encompass spatial localization of pigments and the optical properties of petal epidermal cells (Kay et al., 1981; Mol et al., 1998) . The most extensive study to date on pigment distribution and epidermal cell shape in petals was done by Kay et al. (1981) wherein 201 species in 61 families were surveyed. The majority (85 out of 97 species) of flowers surveyed have anthocyanins confined to the epidermis and the majority of epidermal cells have their otherwise flat outer walls raised into a dome or a conical shape (Christensen and Hansen, 1988; Kay et al., 1981) . These physical factors influence the role of the plant epidermis in pollinator attraction and in our perception of flower color and visual texture (Glover, 2000; Glover and Martin, 2000; Gorton and Vogelmann 1996; Noda et al., 1994 ). An understanding of the latter is HORTSCIENCE 38 (4) To whom reprint requests should be addressed. E-mail address: heidi@hawaii.edu.
spherical pigment bodies were seen within the pigmented vacuole of some examples in the blue category (D. Betty Goto).
Color intensity also was determined by distribution of pigment within a single tissue. For example, very light colored D. Jaquelyn Thomas cultivars 'Uniwai Blush , Y166-1 ( Fig.  1 C and D) , and D. Neo-Hawaii had only a few colored cells in the cell layer beneath the adaxial epidermis (sub-epidermal layer), whereas the 'darker pastel D. Icy Pink 'Sakura had most of the sub-epidermal layer consisting of colored cells. Labella of pale/pastel and purple-white flowers had darker coloration than the corresponding petals and sepals and contained anthocyanin in both the epidermal and subepidermal cells ( Fig. 1 E and F) . A majority of the flowers (19/34) across all phenotypic classes shared a similar pigment distribution pattern in petals and sepals that differed from the labella (Table 1) .
Flowers with striped patterns. Flowers with striped patterns generally had pigmentation confined to the epidermal or mesophyll cells close to the vascular bundles (Fig. 2) . Anthocyanin-containing cells were restricted to the mesophyll surrounding the vascular bundles in D. Hirota x D. Candy Stripes (Fig. 2 A and B), whereas they were confined to parts of the adaxial epidermis directly above vascular bundles in the labellum of D. canaliculatum x D. taurinum ( Fig. 2 C and D) . In addition, carotenoids in the striped D. bullenianum (Fig. 2 E and F) were found in the cytoplasm in unique reticulate structures, which are presently being investigated for detailed ultrastructure. One exception to stripes mimicking the venation pattern of the perianth is D. spectabile, where the striped pattern of the labellum was independent of venation.
Distribution of pigments in purple/yellow combinations. Flowers in this category were bronze, bronze with purple labellum, brown, yellow with brown markings, and yellow with purple labellum. Carotenoids were present throughout the epidermal, subepidermal, and mesophyll layers in all color groups. In contrast, anthocyanin localization varied considerably within the purple/yellow category: only in the epidermis, as in labellum of D. Sri Siam and (D. Jaquelyn Thomas x D. Field King) x D. May Neal 'Srisopon ( Fig. 3 A and B) or to the mesophyll as in petals and sepals of D. gouldii ( Fig. 3 C and D) . Anthocyanins were also located in the epidermis and subepidermal layer ( Fig. 3 E and F) or across all cell layers ( Fig. 3 G and H) .
Cell shapes of the upper epidermis. Four types of epidermal cell shapes were found in Dendrobium flowers: flat, dome (height/width <1.2), elongated dome (height/width >1.2) and papillate ( Fig. 4 (Fig. 4) . All D. Jaquelyn Thomas-type hybrids (section Spatulata x section Phalaenanthe) such as 'Uniwai Blush , 'Uniwai Prince , Abbreviations: epi = epidermal layer, sub = subepidermal layer, mes = mesophyll; a = anthocyanin, c = carotenoids, g = chlorophyll, -= lack of pigment. (Fig. 4D) , D. Et-Roi x D. Takami Kodama and D. Manoa Beauty (Table  2) , while D. moschatum was the only exception with multicellular hairs on its labellum. Labella in Dendrobium appear more complex than petals and sepals in terms of epidermal cell shape. Various shapes of epidermal cells can be observed in a single labellum. Epidermal cells toward the distal end of the labellum were often similar to those found on the petals (Table 2) . When sectioned across the ridges or keels, papillate cells were the most common cell type found in most flowers examined (Fig.  4E and Table 2 ). Papillate cells of labella also had visible surface striations on their cuticles similar to those observed by Vajrabhaya and Vajrabhaya (1984) .
Discussion
Distribution of anthocyanins appeared to be much more variable in Dendrobium compared to other plant genera. Kay et al. (1981) found that the anthocyanins were confined to the epidermis in the petals of a majority of species surveyed (85 out of 97) while they were confined to the mesophyll only in a few species of Boraginaceae. A few species (7/97) had anthocyanins in epidermis as well as mesophyll. In Dendrobium, anthocyanin distribution varied considerably within the genus. It can be confined to the epidermis or mesophyll in some species/hybrids while it is distributed throughout all cell layers in others. However, pigment distribution pattern in Dendrobium is consistent with some of the genera previously examined in the Orchidaceae. In most Cattleya species anthocyanin was confined to the meso- phyll, while Cattleya with splashed petals, and some species of Laelia with intensely colored flowers had anthocyanin in the epidermis as well as mesophyll (Matsui, 1990) . Anthocyanin is confined to the epidermis in Sophronitis and Sophronitella species (Matsui, 1990 ). This unusual variation of pigment distribution patterns in orchids might be a result of an extremely large number of man-made interspecific and intergeneric hybrids.
Combinations of yellow carotenoids and purple anthocyanins result in perceived flower colors of brown, bronze, red, or wine (Griesbach, 1984; Vogelpoel, 1990) . Griesbach (1984) attributed the differences in color perception to the differences in relative concentrations of yellow and purple pigments. According to this explanation, high ratios of yellow carotenoid/purple anthocyanin give a brown color and the opposite gives red colors, while equal concentration of the two gives a bronze color to the flowers. Our observations indicate that this explanation might be too simplistic for Dendrobium, for which the accumulated purple pigment is predominantly cyanidin glycosides (Kuehnle et al., 1997) . The relative location of yellow and purple pigments may be as important as relative concentration in determining flower color. A good example of this is found in D. bullenianum, where red striping resulted from the combination of orange carotenoids with mesophyll-restricted purple anthocyanins. This phenomenon has been observed in other orchids such as Laelia milleri Blumensch. ex Pabst, Sophronitis coccinea (Lindl.) Rchb. f., and Broughtonia sanguinea (Sw.) R. Br., in which red color was also ascribed to the coexistence of carotenoids and anthocyanins (Matsui, 1990) . This emphasizes the fact that the relative location of the two pigments is critically important in determining the shade of color.
A survey of epidermal patterns in the Angiosperms revealed two main types: tabular (flat) and papillose (Christensen and Hansen, 1998) . In papillose type, the outer epidermal cell wall is raised above the epidermis into a conical, dome or papillate shape. Papillose petal surfaces are predominant among insect pollinated flowers (Christensen and Hansen, 1998) . Shape and size of the epidermal cells, especially the ratio of height/width, is known to affect flower texture (Matsui, 1990) . In Cattleya, glossy flowers have square-shaped epidermal cells, whereas velvety textured petals have 'deltate epidermal cells with higher height/width ratios. Apparently in Dendrobium, both the epidermal cell shape and the nature of the aerenchymatous layer (mesophyll layer) influence the visual texture of flowers. Square cells with a thicker smooth cuticle and tightly packed mesophyll with few air spaces gave a glossy texture to the perianth, while domed cells with a thin cuticle and loosely packed mesophyll with large and numerous air spaces produced a velvety texture. Papillate cells seem to be common in a number of orchids and occur in Anacamptis pyramidalis (L.), Dactylorhiza fuchsii (Druce) Soó, (Kay et al., 1981) , and many species of Cattleya and Laelia (Matsui, 1990) . The preponderance of Dendrobium hybrids containing velvety textured flowers suggests that their dome-shaped cells are perhaps more attractive to the human eye because of the enhanced absorption of light by dome shaped cells.
Both papillate and dome-shaped cells absorb light over a greater part of their surfaces when compared to flat outer surfaces of square epidermal cells. In addition, surface striations perhaps function as an additional light-trapping device by reducing the surface reflection while smooth unstriated cuticles contributed toward strong surface reflections as suggested by Kay et al. (1981) . Endress (1994) stated that intercellular spaces in the mesophyll influence the light reflection in addition to organ surface structures. Our observation on the influence of epidermal cell shape and mesophyll packing upon visual texture is confirmed by these explanations. Christensen and Hansen (1998) also revealed that the shape of papillae in a single petal can vary with more distinct papillae toward the distal end and less pronounced papillose cells toward the proximal end. The authors speculate such zonation can act as guides to the insect. Our data on labellum showed such differences in epidermal cell shape and reinforced the presumed function of the labellum as a specialized petal for insect landing and guidance. Quantitative data on floral flavonoids in Dendrobium showed that the labella contained two to four times more anthocyanins than the sepals on a fresh weight basis (Kuehnle et al., 1997) . Presence of papillate cells, surface striations, the different pigment distribution patterns and higher pigment quantities, contribute to the darker color of labella seen in many flowers when compared to the color of other perianth parts.
Many chemical factors, such as type of pigment, their combinations, vacuolar pH, and co-pigments, affect flower color. The types of flavonoids and carotenoids found in Dendrobium species and hybrids are already documented (Kuehnle et al., 1997; Thammasiri et al., 1986) . This study complements the earlier work by revealing the physical factors (spatial localization of pigments, epidermal cell shape) and their effects on color perception. Since methodology for successful genetic transformation of Dendrobium is available (Nan and Kuehnle, 1995) , understanding of the detailed spatial distribution of pigments will facilitate directed engineering of flower colors by permitting more sophisticated approaches in selection of appropriate target phenotypes and tissues for the expression of pigment-modifying genes. For example, a petal-specific epidermal promoter will be appropriate in color manipulation of pastel/pale flowers, while a constitutive promoter is more appropriate for the dark purple phenotypes. Isolation of colormodifying genes from Dendrobium flowers and the study of spatial and temporal regulation of these genes will bring important breakthroughs for development of novel phenotypes, while further research on inheritance of distribution pattern and epidermal cell shapes will benefit classical breeding programs.
